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Description

BACKGROUND OF THE INVENTION

There is a real need for the efficient production of
hydrogen for use as a fuel in both vehicular and station-
ary engines and fuel cell systems. While hydrogen is a
clean and efficient fuel for such energy producing sys-
tems, it is both expensive to produce in a pure form and
unsafe to store in quantity (because of its combustibil-
ity). Moreover, hydrogen is expensive and heavy when
stored in containers of practical size.

Fossil fuels or their derivatives, such as natural gas
or methanol, are currently converted to hydrogen for
use in a fuel cell by means of a complicated set of bulky
components: a reformer (to convert the fossil fuel to a
mixture of hydrogen, carbon dioxide, carbon monoxide
and water vapor); a shift converter (to remove most but
not all of the carbon monoxide); and one or more gas
purifiers (needed if the hydrogen is to be used in a pro-
ton-exchange membrane fuel cell (PEM) or an alkaline
fuel cell or stored as a metal hydride). The fuel cells that
need no gas purifier, such as phosphoric acid fuel cells,
are the heaviest and largest. A fuel cell that is relatively
light-weight and compact, e.g. a PEM or alkaline fuel
cell, generally needs complicated, delicate and expen-
sive purifying apparatus to utilize hydrogen.

For cost and availability reasons, if the fuel is natu-
ral gas, then storage on vehicles such as fork lift trucks,
automobiles, etc. is heavy, bulky, and of somewhat mar-
ginal safety. Gaseous hydrogen storage in such an envi-
ronment is also a problem. It is either too voluminous (at
low pressure) or too heavy (because of the tank or cyl-
inder needed at high pressure). Moreover, both storage
systems are potentially unsafe because of the combus-
tibility of the hydrogen.

Storage of hydrogen as a metal hydride is also
expensive since metal alloys suitable for hydrogen stor-
age in readily reversible metal hydrides are expensive to
fabricate and because they require the hydrogen to be
free of carbon monoxide, carbon dioxide, and water
vapor. Regeneration of such metal hydrides is also a
problem because it requires pure hydrogen, which is rel-
atively more costly than reformed natural gas, which is
relatively inexpensive and contains impurities such as
carbon dioxide and steam. Adding to the regeneration
expense is the continuous supply of external cooling
that is needed to drive the regeneration reaction.
Recently it has been suggested that hydrogen be stored
as H,S0O, and reacted with scrap iron to produce hydro-
gen. Dandapani et al., Int. J. Hydrogen Energy, 11 (2),
101- 105, 1986. This approach, however, is extremely
costly because of the cost and weight of sulfuric acid.
The weight of the stored acid also restricts its use.

The reaction of iron with water (steam) to produce
iron oxide and hydrogen is well known. However, the
conversion rate of the reaction is extremely low unless
the water has been heated to extremely high tempera-
tures and this results in a low over-all efficiency and thus
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it has no current practical commercial utility. One
attempt at creating a hydrogen generating system
based upon the reaction is disclosed in U.S. 4,547,356
(Papineau) which suggests that hydrogen may be gen-
erated by the catalytic decomposition of steam at tem-
peratures of 1,000-2,000°F (540-1,094°C) to form
hydrogen and supposedly oxygen. The patent contends
that at those temperatures, the steam will disassociate
in the presence of "a catalyst of a web-like cellular struc-
ture defined by interconnected metal filaments compris-
ing iron, copper, silver, nickel, palladium, platinum, or
iron-nickel and molybdenum” and that the hydrogen can
then be separated from the oxygen with a diffusion-
based separation membrane, e.g. palladium. Water or
steam is thermodynamically incapable of decomposing
into hydrogen and oxygen within the stated tempera-
tures. The patent asserts that more hydrogen will be
produced by the process than will be required for reacti-
vating the catalyst when it has become deactivated
because of use. As such, the patent teaches a perpet-
ual motion machine.

However, due to the low cost of iron, the desire to
develop a hydrogen generating system based on the
iron-water reaction which system will generate hydro-
gen at a commercially viable high rate continues. The
present invention arose from such a desire and has
increased the rate of hydrogen generation of the system
of U.S.-4,547,356 from an average of less than 0.2%
per minute for the first hour at 450°C (which dropped to
0.027% per minute for the second hour) to more than
2% per minute, thereby increasing the potential peak
power by more than a factor of 10.

Document US-2,198,560 discloses a method for
hydrogen production

Accordingly, it is an object of the present to develop
a process and system for more rapidly generating
hydrogen in situ safely and at low cost.

It is another object of the present invention to
develop an energy source which has a longer life than
conventional storage batteries, need not be electrically
recharged, and is an order of magnitude lighter in
weight per unit energy produced.

It is a still further object of the present invention to
develop a hydrogen generating system which is easy
and relatively inexpensive to regenerate.

It is a still further object of the present invention to
develop an energy source which is less delicate and
less expensive than a metal hybride based hydrogen
system.

SUMMARY OF THE INVENTION

Accordingly, the present invention is directed to a
hydrogen generating system which rapidly produces
hydrogen for use as a fuel in an energy producing
device such as in a fuel cell or heat engine. The hydro-
gen is produced by the reaction of an activated particu-
late iron reactant and water. As defined herein "water”
means liquid water, steam, or a mixture thereof. The
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present invention is also directed to a process for the
production of such gaseous hydrogen.

The hydrogen generating system of the present
invention is defined in claim 1. As used herein, the term
"activated iron reactant” refers to an iron material having
the capacity of converting at least about 2% of the iron
per minute into iron oxide at a temperature of about
840°F (450°C) or less.

The reaction which takes place in the reactor pro-
duces hydrogen and iron oxide. The system can be eas-
ily and inexpensively recharged by converting the iron
oxide back to iron and replenishing the water. Although
the reformation of the spent iron oxide could take place
anywhere by use of relatively small reforming units,
most commonly it will occur at centralized reforming
facilities or at "fueling” stations. The hydrogen generat-
ing system of this invention will generally be associated
with an energy producing device which will directly use
the hydrogen produced as a source a fuel. Examples of
such devices include fuel cells, including a PEM fuel
cell, heat engines, a nickel-hydrogen battery, and elec-
trical generators driven by heat engines.

The advantages of the present invention over previ-
ous attempts to use the iron-water chemical reaction to
generate hydrogen include substantially increased rate
of hydrogen formation which reduces the weight and
volume of iron reactant needed to obtain a specific
amount of hydrogen within a specific time. For example,
the minimum amount of iron reactant needed to gener-
ate sufficient hydrogen for operating a 50 kW fuel cell
suitable for use in powering a bus for one hour in which
the operating voltage is assumed to be about 0.65 V will
depend upon the conversion rate as follows:

Fe Conversion Rate Weight of Iron, Ib
%/min
14 16.5
7 33
4 58
2 116
1 232
0.2 1,160
0.027 8,590

Since increasing the conversion rate of the reaction
reduces the amount of activated iron reactant which
must be heated to operating temperature before opera-
tion can begin, both the start-up time and the operating
costs are drastically reduced by successfully increasing
the conversion rate. Heating 1,150 pounds of iron to
1,000°F (540°C) as in U.S. 4,547,356 with its maximum
conversion rate of about 0.2 %/min in the first hour will
take many times the energy and the number of minutes
that will be needed to heat 116 pounds of iron to 800°F
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(425°C) or less at a conversion rate of 2 %/min. When
the hydrogen generating system is repeatedly turned on
and off, as when powering an automobile, the energy
needed to heat the iron for every short trip will be
wasted. The above amounts of iron are calculated on to
provide sufficient hydrogen for one hour of operation
and to determine the total weight actually required for a
specific system will need to be multiplied by the number
of hours of use required between "refuelings.”

The advantages of the invention over metal hydride
storage or gaseous hydrogen storage include lower
cost, greater simplicity, and less weight and volume.
Also as compared to any gaseous hydrogen storage
system there is much greater safety.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

More specifically, the hydrogen generating system
of the present invention comprises a reactor containing
an activated iron reactant and a separate container con-
taining water, generally for conversion into heated water
or steam. In addition, the system contains a means for
controllably delivering the water to the reactor in
response to a demand from an energy producing device
and means for providing heat necessary for starting-up
and maintaining the reaction between the heated water
and the activated iron reactant. Although generally the
water will be heated to form steam, when a sufficiently
active activated iron reactant is used or when a low flow
of hydrogen is required, this may not be necessary.

The reactor according to the present invention gen-
erally comprises one or more generally tubular fluidized
beds or tumbling (rotating) drums or vibrating powder
beds filled with the activated iron reactant. The
beds/drums are preferably made from materials that
conduct heat, although in certain embodiments of the
present invention in which heat is generated internally
such as by O, injection, heat conductive materials are
not necessary. Preferably, the beds/drums are made
from materials such as stainless steel, high temperature
plastics, pyrex, or ceramics. The size of the beds/drums
will depend upon the size of the generating system.
However, they generally have an inside diameter of from
about 1/4" (.635 cm) to 2 ft (61 cm) and a length of from
about 6" (15 cm) to 20 ft (6.1 m). The number of tubes
will also vary depending upon the size of the system.
Generally there will be from about 1 to 100 tubes, pref-
erably from about 1 to 5. The tubes may be of varying
sizes, shapes, and may be located at varying angles to
the horizon.

The activated iron reactant in the reactor tubes is
an iron material having sufficient activity and available
surface area so as to be capable of converting at least
about 2% of the iron per minute into iron oxide at a tem-
perature of about 840°F (450°C) or less. In fact,
depending upon the activity of the iron reactant, the sys-
tem can be capable of converting at least about 4% of
the iron per minute into iron oxide at a temperature of
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less than about 300°C and about 2 %/minute at 200°C.
In fact, iron conversion rates over 14 %/minute have
been obtained from specific activated iron reactants at a
temperature of about 450°C with a large excess of
steam.

Generally suitable activated iron reactants will pos-
sess the following general properties: (1) a weight aver-
age particle size of from about 0.1 to about 1,500 um,
preferably from about 25 to about 1,200 um; (2) a parti-
cle size distribution in which at least about 20% of the
particles are less than about 300 um in diameter, prefer-
ably at least about 50%; (3) a particle density of from
about 1 to 7.8 g/cc; (4) a non-compressed packed parti-
cle density of about 1 to about 5 g/cc, preferably from
about 1 to about 3 g/cc; and (5) a surface area of
greater than about 0.0001 meters?/g, preferably greater
than about 0.001 meters®/g. Preferably, the iron reac-
tant will be produced from an iron ore which contains at
least about 0.05 wt % vanadium. Also preferably the
iron reactant will be produced by the reduction of iron
ore to Fe at a temperature of about 650 to 1,000°C. Also
preferably, the iron reactant will be capable of spontane-
ous ignition in the presence of air and moisture given
sufficient bulk and time to heat up.

The activated iron reactant is generally formed
starting with the reduction of iron oxide ore pellets at an
elevated temperature, e.g. about 650 to 1,000°C. The
lower temperatures in this range are preferred for
increasing the activity of the resulting iron reactant while
the higher temperatures are preferred for providing
greater fuel efficiency to the reduction process. The
specific temperature of reduction to produce the acti-
vated iron reactant will depend upon an economic bal-
ance between these considerations. The activated iron
reactant may be prepared by crushing larger, i.e. about
0.1251t0 0.75" (3.2 to 19.1 mm) diameter, pellets of the
iron reactant into small particles. Alternatively, the fines
produced during the manufacture of such pellets may
be used directly. A particularly suitable starting iron is
direct reduced iron ("sponge iron"”) because it is easily
crushed into suitable size particles. Direct reduced iron
has been reported as showing a tendency to spontane-
ously combust in an oxygen and moisture-containing
atmosphere in a manner similar to that of coal.

The iron reactant particles may be stored, handled,
and transported under an inert gas such as carbon diox-
ide, nitrogen, or a mixture thereof to prevent air or mois-
ture oxidation of the particles. An alternative inert gas
may be the flue gas residue from a reformer burner after
the water vapor component of the flue gas has been
extracted by means such as condensation. The water
would normally be extracted from the flue gas to make
water for the reformer and/or for the oxidizing reactor,
leaving a flue gas residue of nitrogen and carbon diox-
ide. A slight positive presure (about 1-2" H>0) (2-4 mm
Hg) should be maintained at all times that a reactor bed
contains unreacted iron reactant particles. When the
reactor bed is reacting with steam, the steam will pro-
vide the over-pressure. When a reactor bed is used
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non-continuously and allowed to cool between uses
after an active period and the pressure falls, an inert gas
such as carbon dioxide should be supplied to maintain a
pressure of more than 1 atm. This procedure prevents
air from infiltrating the inside of the reaction chamber
while active unreacted iron particles are present.

An alternative to the inert gas use to protect the iron
reactant particles during storage, handling, and trans-
portation is to crush the larger reduced iron pellets into
the reactant particles substantially immediately prior to
use, i.e. in situ. In this case, two (or more) small reactors
can operate substantially sequentially without on-site
regeneration of spent iron oxide. The two reactors are
loaded with fresh reactant particles only sequentially as
needed to produce hydrogen for a specific purpose,
rather than en masse. So doing will help minimize the
amount of reactant particles which will need to be raised
to operating temperature, thereby reducing start-up
time and energy requirements. This alternative can be
accomplished by placing atop the reactor beds a crush-
ing device which will receive larger iron pellets, crush
them, and deliver the particulate material to a reactor
bed, preferably by gravity and preferably while providing
a slight positive pressure of an inert gas such as carbon
dioxide during both the crushing and delivery. When the
first such reactor bed is filled with particles, the delivery
chute is sealed off, and a slight positive pressure of the
inert gas is maintained in the reactor bed until water is
introduced for hydrogen production. When the first bed
approaches exhaustion by conversion of the iron to
FezO,4, a second bed is then loaded with freshly
crushed particles, a slight positive pressure maintained,
and then hydrogen production commences. When the
first reactor bed is exhausted, the water feed to the
reactor is halted and the iron oxide particles removed,
preferably by means of gravity, into a container for waste
particles. When the second bed approaches exhaus-
tion, the first bed is then reloaded with freshly crushed
particles under a slight positive pressure until hydrogen
production by the bed re-commences. The process then
repeats itself as needed until the stored iron pellets are
depleted.

To detect the exhaustion of the hydrogen generat-
ing capacity of one of the reactor beds, the partial pres-
sure drop of hydrogen produced or the partial pressure
rise of the steam at the outlet end could be detected by
conventional sensors. However, sensing partial pres-
sure changes may not give adequate time to fully pre-
pare the second reactor bed (including bringing it to
operating temperature) and thus measurement of any of
the following can provide additional time: metering the
water fed into the reactor bed, determining reactor
weight gain which will be directly proportional to the
conversion of iron to iron oxide by the oxidation reaction,
electrically measuring the coulombs (ampere-hours)
coming out of the fuel cell, or measuring the flow of
hydrogen produced by an integrating flow meter.

This dual bed technique avoids problems of han-
dling and shipping fine iron particles under a continuous
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cover of an inert gas and permits the use of two small
beds to accomplish the hydrogen generation of much
larger non-refillable beds. The energy required for oper-
ating the crusher on an automobile can be provided by
clutching the crusher to the vehicle's drive shaft train
whenever fresh particles are needed and the brake
pedal is depressed.

The system further contains a means for controlla-
bly delivering the water to the reactor in response to a
demand from an energy producing device. The demand
for hydrogen in many applications will vary from nearly
zero to a rate corresponding to the maximum conver-
sion rate of the iron. Control of the hydrogen output rate
is provided by controlling the rate at which the water is
fed into the reactor, e.g. it is fed proportionately (or stoi-
chiometrically). One such method of so doing is to sim-
ply meter the liquid water which is supplied to the iron
reactant either directly or after injection into a boiler
which is used to heat the water to a suitable tempera-
ture or to convert it to steam, depending upon the reac-
tion temperature to be used. In both cases, the more
water that is supplied, the more hydrogen that is pro-
duced, up to the maximum based upon the activity of
the specific iron reactant utilized.

An alternative control technique will be to intention-
ally maintain a slight positive hydrogen pressure at a
specific spot between the iron-water reactor and the
hydrogen-consuming device. For example, a pressure
transducer can monitor a slight positive hydrogen pres-
sure and tell a water metering/dispensing device to feed
more water if the H, pressure is low, and vice-versa.
The typical H, pressure for a fuel cell might be a few
inches of water, unless it's a pressurized fuel cell, in
which case it could be as high as maybe 5 atmos-
pheres. When the demand for hydrogen increases,
more Hs will get drawn from the iron bed, the Hs pres-
sure will drop, the water injection rate will increase,
more hydrogen will be generated, and the H, pressure
will be restored to its designed steady state amount.
This type of pressure control system tailors the pressure
to the load so that at a high load a higher steady-state
pressure can be provided than would be present at low
load.

As a further alternative, the control system perform-
ance could be made smoother and more stable by tak-
ing a measure of the load (such as the fuel cell output
current or the engine shaft horsepower) as the first
order control for the metering device or metering valve.
The hydrogen pressure signal then would act as a sec-
ond order control (a vernier, so to speak) to correct
imbalances between the demand and the supply.

During the reaction, the water in the container is
generally heated to form, in most cases, steam. Some
of the water can be provided by condensing out water
vapor either in the hydrogen produced hereby prior to
use or in the exit stream from the energy producing
device. The steam flows into and reacts with the iron
metal reactant to produce an iron oxide, such as FezO,,
and hydrogen gas. With a fluidized bed reactor, the flow
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of steam will lift and suspend the particles. To initiate the
reaction, start-up heat is needed to create steam from
the water. This heat may be provided by a variety of suit-
able means, such as by injecting heated water and air
into a reactor zone to rapidly oxidize the iron reactant.
Hydrogen will generally not be produced by the reaction
with the air present, but heat will be and the heat pro-
duced is greater and the heat-up potentially faster than
when the iron reacts with steam alone to form hydrogen.
Additionally, a catalytic or ordinary burning of the hydro-
gen produced by the injected water and air may be used
to help heat the iron reactant up to the temperature
needed to initiate reaction. A further source of the start-
up heat is the burning of a conventional fuel such as
compressed natural gas, propane, or gasoline in a sep-
arate burner, employing a suitable means to transport
the heat generated. A further potential source of start-
up heat is a storage battery disposed within or adjacent
to the energy producing device.

A more complex scheme for supplying start-up heat
to the reactor zone is to employ a plurality of reactor
beds in the reaction zone with either one smaller reactor
bed or a series of beds of graduated sizes. First, the
smallest bed is brought up to operating temperature
with a battery or a small burner. Then the hydrogen it
produces is burned with air to form water and to heat up
the larger reactor beds. In the case of graduated sized
beds, the hydrogen produced by the next larger bed
may be used to heat up the next even larger bed.

The vaporization of the water of reaction into steam
may be achieved by any conventional heating means.
For example, heat may be supplied by transferring
waste heat from an energy producing device, e.g. the
fuel cell or heat engine, to which the hydrogen generator
of this invention is associated, to the water to vaporize it.
In the case of a PEM fuel cell, the waste heat is gener-
ally at about 90°C, a temperature which may be too low
for a hydrogen generating system running at ambient
atmospheric pressure, but this can be overcome by mix-
ing the subatmospheric steam produced at circa 90°C
with some of the hydrogen produced by the energy-pro-
ducing system on discharge. Together, the two gases
will have a total pressure of one atmosphere absolute,
allowing the vaporization of the water to proceed at a
partial water vapor pressure of less than one atmos-
phere.

If the discharge rate of the fuel cell or engine is so
low that the reactor beds tend to cool down or an endo-
therm is needed to adequately maintain the reaction, a
variable and controlled amount of air or oxygen may be
injected into the iron reactant bed during the discharge
reaction with steam. This will allow maintenance of a
higher reaction temperature.

While the temperature of the reaction may be any
temperature generally above about 0°C, generally the
reaction temperature will be within the range of about
100 to 450°C to provide a balance between the hydro-
gen generation rate and the efficiency of utilizing the
heated water. For thermodynamic reasons, iron metal
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oxidation by steam is more efficient at low tempera-
tures:

Temperature °C | % Steam Wasted
200 2
300 5
400 11
800 40

while iron oxide reduction back to iron is more efficient
at high temperatures. Therefore and in view of the
excessive weight and complexity of an on-board
reformer, such a reduction system is not considered
desirable for automotive-type uses. When oxidation
temperatures greater than about 300°C are used, com-
plications in terms of materials, thermal insulation, and
initial heat-up time can occur, making those tempera-
tures somewhat less suitable for use on a vehicle. In
such cases it may be advantageous to add a catalyst to
lower the hydrogen overpotential of the iron reactant in
the presence of water or steam to more moderate tem-
peratures, e.g. about 50 to 150°C. The lower hydrogen
overpotential means that the kinetics of the reaction will
be improved, thus allowing the reaction to take place at
a lower temperature and lessening strains on the sys-
tem. Suitable catalysts for use to improve reaction kinet-
ics are likely to include noble metals such as platinum
and palladium as well as base metals such as antimony.

When used, a catalyst may be added to the system
by mixing it as a powder with the particulate activated
iron reactant. Alternatively, the catalyst may be galvani-
cally linked to the iron reactant via an electrolyte dis-
solved in the water of reaction and an electrical contact
between a catalyzed sheet or basket and the iron reac-
tant. Suitable electrolytes include aqueous solutions of
ferrous sulfate, ferric sulfate, sodium sulfate, potassium
sulfate. Sodium sulfate is presently preferred because it
is neutral and does not react with either Fe or Fe30,.
With enough catalyst and good catalyst geometry, tem-
peratures as low as 0°C may be all that are needed to
initiate and maintain the reaction. In such cases the
water would be simply transferred to the reaction zone
by suitable means such as pumping and gravity feed.
Because of relatively high catalyst costs as compared to
activated iron reactant costs, the lowering of the temper-
ature as far as possible may not be economically the
most sensible design. The cost of the catalyst must be
balanced with the reaction kinetics. Generally, a system
sufficient to provide an operating temperature of from
about 80°C to about 300°C will be preferred.

In order to avoid the cost of alloying or mixing a cat-
alyst with the iron reactant, certain catalysts may be
added directly to the water of reaction as soluble metal
compounds. Examples of such soluble metal com-
pounds are noble metal compounds such as platinic
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acid or any chloroplatinate. The catalyst is added to the
water of reaction as a soluble compound such as potas-
sium chloroplatinate. The interaction between the iron
reactant with the water of reaction and with the soluble
compound causes the iron reactant to be catalyzed for
faster reaction with water when forming hydrogen and
iron oxide. It is believed that this technique may enable
the metal catalyst to come into permanent contact with
the iron reactant, lowering its hydrogen overpotential
and accelerating the generation of hydrogen at rela-
tively low temperatures such as about 25°C to about
100°C.

One of the advantages of the present invention,
over other hydrogen production systems including cer-
tain metal hydride based systems, is its the ability to
regenerate or reform the spent iron oxide after the com-
pletion of the reaction and production of hydrogen. This
advantage is even more pronounced because of the rel-
atively low cost involved in the regeneration of the spent
iron oxide. The system of the present invention may
employ a variety of methods to regenerate the spent
iron oxide.

One method of regeneration comprises reacting the
iron oxide with a reducing gas or mixture of gases or a
liquid. The presently preferred reducing agent because
of its relatively low cost is reformed natural gas. This
gas generally comprises a mixture of hydrogen, carbon
monoxide, carbon dioxide, and residual steam. While
hydrogen and carbon monoxide are the only active
reducing agents, the iron/iron oxide bed being regener-
ated is not damaged by the presence of the other two
components. If hydrogen gas is available at a lower cost
than reformed natural gas, it could be used, provided
that heat is added to the reaction which is somewhat
endothermic. Relatively pure carbon monoxide, where
available, can also be used as a reducing agent. It, how-
ever, would contribute about four to five times more car-
bon dioxide to the greenhouse effect than reformed
natural gas and it is more exothermic than needed to
sustain the reaction, thus it is less efficient. The gase-
ous reducing agents may be supplied as a reformed lig-
uid fuel such as reformed methanol, reformed ethanol,
reformed petroleum derivatives, and reformed or
decomposed ammonia.

The reformed fuels may be derived by various tech-
niques including: via steam-reforming (wherein the fuel
in gaseous form is reacted with steam); via partial oxi-
dation (wherein the fuel is reacted with oxygen or air in
proportions less than that needed for complete oxida-
tion); or via autothermal reforming (wherein the fuel is
partially reacted with steam and partially with oxygen or
air). Steam reforming is more efficient than partial oxi-
dation in terms of yield of hydrogen per unit of fuel.
While steam reforming is endothermic (requires exter-
nally supplied heat to sustain itself) and while partial oxi-
dation is exothermic (yields heat), autothermal
reforming is intermediate between steam reforming and
partial oxidation with regard to both hydrogen yield and
heat addition/removal. The selection of a particular
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reforming process will thus be made based upon factors
which include hydrogen yield required, equipment costs
and complexity, overall process heat requirements, and
the like for the particular operation.

Since the reduction reaction of iron oxide by hydro-
gen to form iron is generally endothermic, taking place
at about 700 to 1,100°C, heat must be supplied. One
method is to inject air or oxygen into a reactor bed, so
that some of the reducing agent burns and thereby
heats up the regeneration reaction zone, i.e. autother-
mal reforming. Another method is to burn the vent gas
from the hydrogen producing reaction and transfer its
heat of combustion to the regeneration reaction zone
through the walls of the reactor. Still another method is
to burn part of the reducing agent upstream of the
reforming device and transfer the heat of combustion
across the reactor bed walls of the iron/iron oxide con-
taining reactor. Another approach is to make the reac-
tion of the reducing agent and the iron oxide
exothermic. This can be accomplished by maintaining
enough carbon monoxide in the reducing gas mixture to
make the sum of the reduction reactions slightly exo-
thermic.

Still another scheme for supplying the necessary
heat to maintain the regenerating reaction is to burn
vent gas from another near-by regenerating bed. This
vent gas normally contains a mixture of unused hydro-
gen, steam, carbon monoxide, carbon dioxide, and
unreacted reformate. Some of the unreacted reducing
mixture can be utilized in a reformer burner to compen-
sate for the endothermic nature of the steam reforming
reaction and that of the reducing process if hydrogen
prevails in the reformate. The rest is truly wasted. To
minimize this, two separate reduction stages in series,
each preceded by a water-removing condenser, may be
used. The condenser upstream of the first reducing
stage removes water from the reformate and the con-
denser upstream of the second reducing stage removes
water from the first stage exhaust. With less water com-
ing into a subsequent reducing stage, less unused
hydrogen will come out in the end. Thus water is con-
densed out of the vent gas and a drier resulting mixture
is then fed to the next stage of the iron oxide-to-iron
regenerator. The vent gas of the second stage can then
be burned to provide the needed endotherms and the
overall efficiency would be better than that of a single
stage regenerator. Alternatively, only one condensing
stage may be used but at a lower efficiency.

For a vehicle-mounted system, the reformation
process will preferably be performed at a location away
from the energy producing device, including at central
plants which receive spent material from numerous
sources. Generally, the spent iron oxide particles will be
pelletized to form relatively large, i.e. about 0.125 to
0.75" (3.2 to 19.1 mm), diameter pellets of the iron oxide
and then reducing the pellets to iron metal. Thereafter,
the pellets will be crushed into the appropriate size acti-
vated iron reactant particles for re-use. The iron and
iron oxides may be transferred to and from refueling sta-
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tions both near and distant from the site of the energy
producing device. The recycling of the metal reactant
can theoretically occur an infinite number of times in
view of the use of the particulate iron reactant, although
some crushing or grinding of agglomerated materials
may be beneficial between cycles, even if the iron oxide
particles are not pelletized prior to regeneration.

An alternative to using a relatively large and
removed central processing facility for reforming the
spent metal oxide is to use smaller reformer units at the
site of the energy producing device, e.g. at a refueling
station. As with the centralized reforming unit, the on-
site reforming units may be used to convert the spent
iron oxide to iron reactant as described previously
using, for example, reformed natural gas. The reduced
iron may then be reused to generate hydrogen immedi-
ately or stored for such use at a later time.

As an alternative to directly using the iron-water
reaction to produce hydrogen which is directly used as
a fuel for such as a fuel cell or engine, the hydrogen may
be stored in a metal hydride storage bed. Since the
hydrogen produced in accordance with this procedure is
slightly wet, the hydrogen will need to be dried, such as
by passing it through a desiccant. Then the dried hydro-
gen can be conveyed to and absorbed in a metal
hydride bed (or some other storage device) for later use.
To store the hydrogen as a metal hydride, it is directly
reacted with a metal or metal alloy such as iron-tita-
nium, nickel-lanthanum, or nickel-calcium. Pressure
may have to be applied and heat may have to be
removed from the metal hydride bed to sustain the exo-
thermic reaction at a desirably low reaction pressure.
The heat can be removed, for example, (i) by recirculat-
ing part of the hydrogen that enters the metal hydride
bed and cooling it before it mixes with fresh hydrogen
from the metal-steam bed or (ii) by using a separate
heat transfer medium, such as a liquid or gaseous cool-
ant, to keep the metal hydride container and its contents
adequately cool. The metal hydride thus formed
becomes a direct source of hydrogen which may be
used for powering a fuel cell or engine with the iron
reactant-water reaction of the invention being an indi-
rect source of said hydrogen. This procedure may be
particularly applicable during the start-up or heat-up
period.

An alternative means for providing additional hydro-
gen during start-up or heat-up is to simply provide a
small amount of stored hydrogen at ambient or near-
ambient pressure in a storage device. Once the energy
using device is at temperature and fully operative, some
fresh hydrogen can be diverted by means of a solenoid
valve controlled by a pressure sensor or pressure switch
from its principal load to replenish the storage device,
be it pressurized or not. In this case, the hydrogen stor-
age device acts like the storage battery in an automo-
bile, supplying energy during start-up and absorbing it
during normal driving for later use.

The system is associated with an energy producing
device which uses the hydrogen produced from the
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reaction between the water and activated iron reactant
as a fuel. The reactor and water container may either be
located outside of the energy producing device or self-
contained therein, depending upon the particular device
and end-use thereof. Such energy producing devices
include fuel cells, such as PEM fuel cells, and heat
engines, such as internal or external combustion
engines. The heat engine may be a free standing
engine or one that mechanically drives an electrical
generator or alternator.

The hydrogen generating system produces wet,
slightly wet, or nearly dry hydrogen, depending upon the
temperature of the iron oxidation reaction and the pres-
ence or absence of a water condenser to remove water
from the output hydrogen stream. When this hydrogen
is used to fuel a heat engine, the exhaust from the
engine will contain neither carbon monoxide nor hydro-
carbons. The exhaust can also be freed of NO, either by
injecting more hydrogen than is needed to react stoichi-
ometrically with the injected air (a rich combustion mix)
or by injecting hydrogen into the engine exhaust stream
at a temperature equal to or lower than the initial
exhaust temperature or by some combination of the two.
The first scheme suppresses NO, by reacting it with
hydrogen before it can build to an appreciable concen-
tration in the engine or exhaust manifold while the sec-
ond burns the secondary hydrogen using any NO,
present in the exhaust as the oxidant.

For automotive use in particular, especially in urban
or slow suburban traffic, a combination of two hydrogen
fueled vehicle drive systems may be advantageous. The
first would be an electric motor powered by a hydrogen
fuel cell and the second would be a hydrogen fueled
engine. The dual combination will use less fuel than a
hydrogen engine operating alone and could cost less
than a fuel cell-based drive sized to generate the aver-
age vehicle power by itself. A hybrid scheme of fuel cell
and engine, possibly using a third component (such as
a battery, a flywheel or an ultracapacitor) for surges, is
especially suited for the hydrogen generator system
since it can supply hydrogen for both drives. The hybrid
scheme will have the potential of producing zero
exhaust pollutants and zero tank emissions. At idle and
in slow or downhill traffic when the motive power input
required is low or even negative, the hydrogen combus-
tion engine can be shut off allowing the fuel cell-pow-
ered electric motor to alone propel the vehicle. On
down-slopes, the engine could free-wheel without a fuel
input so that at the bottom of the hill it could immediately
start generating traction without first having to rev up to
driving speed. There will be a substantial fuel savings
from so doing because a combustion engine uses much
more fuel at part load and idle than does a fuel cell. As
power demands increase, the engine can turn on and
be automatically clutched to the car's transmission and
final drive so that both the engine and the electric motor
propel the vehicle. This hybrid system will enable the
fuel cell, with its high capital cost per unit power, to be
sized to a fraction of the average vehicle power
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demand, yet allow shut-off of the engine at low power or
idle when it would consume far more fuel than a fuel
cell.

When a reduced iron is to be immediately used as
a fuel source in a hydrogen powered on-site device, a
suitable system may entail a cyclic operation of at least
two iron/iron oxide beds. In such a system, the net effect
will be entrance of a selected fuel into a reforming proc-
ess and output of moist hydrogen. The fuel to the
reforming process can be virtually any hydrocarbon
species or mixtures thereof including an alcohol. A par-
ticular advantage of the present process is the lack of
any need for upgrading or purifying the resulting refor-
mate gas. The resulting reformate reduces the iron
oxide to the metallic state. Simultaneously in a second
iron/iron oxide bed which is then in the metallic state,
the iron is reacted with steam to produce moist hydro-
gen. The moist hydrogen is delivered to a fuel cell or
other hydrogen powered device. The dual bed reductive
regeneration/hydrogen generation system can be highly
integrated with the reformer from a thermal standpoint
to maximize the energy efficiency of the overall process.
The process can then continue indefinitely with the dual
beds being cycled at suitable frequencies through the
use of solenoid valves or the like. The dual bed system
is particularly suitable for proton-exchange membrane
and alkaline fuel cells which operate efficiently and at
very high power densities on moist hydrogen fuel.

During regeneration of the spent iron oxide, the
reformed natural gas may contain sulfur impurities,
which may accumulate in the bed over many regenera-
tion cycles. The sulfur will react with the iron reactant
creating iron sulfides. The iron sulfides might not be
decomposed either by steam on discharge or by fuel or
reformate in recharge. This will eventually tie up irre-
versibly a large fraction of the iron reactant bed as iron
sulfides instead, preventing it from switching from iron
oxide to elemental iron. In order to overcome this con-
tamination problem, unwanted iron sulfide FeS can be
converted to sulfur dioxide (SO,) or ferrous sulfate
(FeSQO,)and some iron oxide by briefly, e.g. 1-15 min-
utes, passing a stream of air over the heated bed of
spent iron oxide before that bed is reduced to elemental
iron. Any accumulation of FeSO, can be removed by
washing the particles with water to dissolve it prior to
regeneration. Since the bed must be heated to regener-
ate it, little or no additional heating is needed to remove
the iron sulfide by hot air oxidation. The transition from
air to reformate or fuel through the bed can be made
safe against explosion by briefly purging the bed with
carbon dioxide, steam, nitrogen, or any other suitable
inert gas. In particular, a mixture of steam and CO, from
another bed being regenerated is a readily available,
essentially cost-free purging agent.

Claims

1. Method for generating hydrogen, on board a vehi-
cle, by passing H-O into contact with ground or
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crushed iron, said iron being ground or crushed in
situ to enhance its activity and used in a reaction
with said HoO within an operative cycle after grind-
ing or crushing, said method comprising the steps
of :

(a) providing iron as a fluidized bed of iron par-
ticles, and a source of H,O in combination with
a hydrogen-air fuel cell ;

(b) generating hydrogen for said hydrogen-air
fuel cell by reacting said iron with said H,O at a
maximum temperature of 450°C .

(c) grinding or crushing said iron in pellet form
to produce active iron particles, whose reactiv-
ity is enhanced to generate hydrogen in step
(b) at a rate of at least two percent per minute
(2%/min.) at said maximum temperature of
450°C, said grinding or crushing being accom-
plished in situ within an operative cycle of said
hydrogen-air fuel cell .

Method in accordance to claim 1, said iron being
initially in a pellet form prior to grinding or crushing
in order to supply iron particles for said fluidized
bed.

Method in accordance with claim 1 or claim 2, fur-
ther comprising the step of :

(d) grinding or crushing said iron in accordance
with the grinding or crushing step (c) to provide
particles of iron in a particle size having a
range from approximately 0.1 to 1.500 pm.

Method in accordance with claim 1 or claim 2, fur-
ther comprising the step of :

(d) supplying heat to the reaction between the
H,O and the iron in step (b) for starting the
reaction between the H-O and said iron.

Method in accordance with claim 3, further com-
prising the step of :

(e) grinding or crushing said iron in pellet form
in accordance with the grinding or crushing
step (c) to provide iron in a particle size having
a particle size distribution range in which at
least twenty percent (20%) of the particles are
less than approximately 300 um in diameter.

6. Method in accordance with claim 3, further com-

prising the step of :

(e) providing particles of iron in accordance
with the grinding or crushing step (c) having a
non-compressed particle density in an approxi-
mate range of from one to five grams/cc.
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7.

Method according to any of the preceding claims,
comprising the step of previously fuelling the vehi-
cle with iron.

Method according to any of the preceding claims,
whereby the hydrogen generated in step (b) is con-
sumed as it is generated in order to power said
vehicle.

Patentanspriiche

1.

Verfahren zur Entwicklung von Wasserstoff an Bord
eines Fahrzeuges durch Leiten von H>0 in Kontakt
mit gemahlenem oder gebrochenem Eisen, wobei
das Eisen in-situ gemahlen oder gebrochen wird,
um seine Aktivitdt zu steigern, und in einer Reak-
tion mit dem H,O innerhalb eines Betriebszyklus
nach den Mahlen oder Brechen verwendet wird,
wobei das Verfahren folgende Verfahrensschritte
umfaBt:

(a) Vorsehen von Eisen als ein FlieBbett aus
Eisenpartikeln und einer Quelle far H>O in
Kombination mit einer Wasserstoff-Luft-Brenn-
stoffzelle,

(b) Entwickeln von Wasserstoff fir die Wasser-
stoff-Luft-Brennstoffzelle, indem das Eisen bei
einer maximalen Temperatur von 450 °C mit
dem H,0 reagieren gelassen wird,

(c) Mahlen oder Brechen des Eisens in Stlick-
form, um aktive Eisenpartikel zu erzeugen,
deren Reaktionsvermégen gesteigert ist, um
im Verfahrensschritt (b) Wasserstoff in einer
Menge von wenigstens zwei Prozent pro
Minute (2%/Min.) bei der maximalen Tempera-
tur von 450 °C zu entwickeln, wobei das Mah-
len oder Brechen in-situ innerhalb eines
Betriebszyklus der Wasserstoff-Luft-Brenn-
stoffzelle durchgefthrt wird.

Verfahren gemaB Anspruch 1, wobei das Eisen vor
dem Mahlen oder Brechen, um Eisenpartikel far
das FlieBbett zu liefern, urspriinglich eine Stiick-
form hat.

Verfahren gemaf Anspruch 1 oder Anspruch 2, das
weiterhin den Verfahrensschritt umfat,

(d) das Eisen in Ubereinstimmung mit dem Ver-
fahrensschritt (c) des Mahlens oder Brechens
zu mahlen oder zu brechen, um Eisenpartikel
in einer PartikelgréBe mit einer Spanne von
ungeféhr 0,1 bis 1,500 um zu erzeugen.

Verfahren gemaf Anspruch 1 oder Anspruch 2, das
weiterhin den Verfahrensschritt umfaft:

(d) der Reaktion zwischen dem H,O und dem
Eisen im Verfahrensschritt (b) zum Starten der
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Reaktion zwischen dem H,O und dem Eisen
Warme zuzuflhren.

5. \Verfahren gemaB Anspruch 3, das weiterhin den

Verfahrensschritt umfaft,

(e) das Eisen in Ubereinstimmung mit dem Ver-
fahrensschritt (c) des Mahlens oder Brechens
in Stlickform zu mahlen oder zu brechen, um
Eisen in einer PartikelgréBe mit einer Vertei-
lungsspanne der PartikelgréBe zu erzeugen,
bei der wenigstens zwanzig Prozent (20%) der
Partikel weniger als ungefahr 300 pm Durch-
messer haben.

Verfahren gemaB Anspruch 3, das weiterhin den
Verfahrensschritt umfaft,

(e) Eisenpartikel in Ubereinstimmung mit dem
Verfahrensschritt (¢) des Mahlens oder Bre-
chens mit einer unverdichteten Partikeldichte in
einer ungefahren Spanne von ein bis finf
Gramm/cm® zu erzeugen.

Verfahren geméaB einem der vorhergehenden
Anspriche, mit dem Verfahrensschritt, das Fahr-
zeug im voraus mit Eisen zu versorgen.

Verfahren geméaB einem der vorhergehenden
Anspriiche, wodurch der im Verfahrensschritt (b)
entwickelte Wasserstoff verbraucht wird wie er ent-
wickelt wird, um das Fahrzeug anzutreiben.

Revendications

Procédé de production d’hydrogéne, a bord d'un
véhicule, en mettant du H>O en contact avec du fer
broyé ou écrasé, ledit fer étant broyé ou écrasé sur
place afin d'améliorer son activité, et utilisé dans
une réaction avec ledit HO au cours d'un cycle
opératoire aprés le broyage ou I'écrasement, ledit
procédé comprenant les étapes de :

(a) préparation du fer sous la forme d'un lit flui-
disé de particules de fer, et d'une source de
H>0O en combinaison avec une pile a combusti-
ble hydrogéne-air ;

(b) production d'hydrogéne pour ladite pile a
combustible hydrogéne-air, en faisant réagir
ledit fer avec ledit H,O a une température
maximale de 450 °C ;

(c) broyage ou écrasement dudit fer sous forme
de granules pour produire des particules de fer
actives, dont la réactivité est améliorée afin de
produire de I'hydrogéne dans I'étape (b) a une
vitesse d'au moins deux pour cent & la minute
(2 %/min) a ladite température maximale de
450 °C, ledit broyage ou ledit écrasement étant
effectué sur place au cours d'un cycle opéra-
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10

toire de ladite pile & combustible hydrogéne-air.

Procédé selon la revendication 1, ledit fer se pré-
sentant initialement sous la forme de granules,
avant le broyage ou I'écrasement, afin de fournir
des particules de fer pour ledit lit fluidisé.

Procédé selon la revendication 1 ou la revendica-
tion 2, comprenant en outre I'étape de :

(d) broyage ou écrasement dudit fer selon
I'étape de broyage ou d'écrasement (c) pour
fournir des particules de fer, dont la taille est
comprise entre approximativement 0,1 et 1500
um.

Procédé selon la revendication 1 ou la revendica-
tion 2, comprenant en outre I'étape de :

(d) amenée de chaleur a la réaction entre le
H,O et le fer dans I'étape (b) pour amorcer la
réaction entre le H,O et ledit fer.

Procédé selon la revendication 3, comprenant en
outre I'étape de :

(e) broyage ou écrasement dudit fer sous
forme de granules selon I'étape de broyage ou
d'écrasement (c) pour fournir du fer dont la
taille des particules a une distribution granulo-
métrique, dans laquelle au moins vingt pour
cent (20 %) des particules ont un diamétre infé-
rieur & approximativement 300 um.

Procédé selon la revendication 3, comprenant en
outre I'étape de :

(e) élaboration de particules de fer selon
I'étape de broyage ou d'écrasement (c), ayant
une densité des particules a I'état non com-
primé comprise dans une fourchette approxi-
mative de un a cing grammes/centimétre cube.

Procédé selon I'une quelconque des revendications
précédentes, comprenant I'étape d'approvisionne-
ment préalable en fer du véhicule.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel I'hydrogéne, produit dans
I'étape (b), est consommé & mesure qu'il est produit
pour fournir de I'énergie au véhicule.
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